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Available online 23 April 2019A class of lightweight FeCo/AlSimagnetostrictive composites was prepared in this study to explore the feasibility
for 1-3metal-matrixmagnetostrictivematerials for serving as sensors, actuators and energy harvesters. The FeCo
fibers were inset into the AlSi metal liquid and then the composites were solidified at a protective atmosphere.
The microstructural observations for these FeCo/AlSi composites illustrate the presence of the element diffusion
and the disappearance of the cold-rolled preferred orientation. The refined microstructure was obtained during
solidification and then further improved the magnetostrictive properties of the FeCo/AlSi composites. A zigzag
interface with well transfer in stress and strain between the FeCo fiber and AlSi matrix existed through both
physical and chemical bonding. There are two different experimental groups in this work. One group is aimed
to evaluate the effect of the diameter of the FeCo/AlSi composite on the output voltage under compression. An-
other groupwith different numbers of the FeCo fibers is employed for analyzing the effect of the volume fraction
of the FeCo fiber on the output performance. The results exhibit that a smaller diameter for the lightweight 1-3
FeCo/AlSi composite contributes to exciting a greater output voltage. Furthermore, the output voltage is propor-
tional to the number of the FeCo fiber. An optimal resistive load of 500 Ω for this harvesting setup is obtained.
Theoretical analysis through amagneto-mechanical couplingmodel for the FeCo/AlSi compositeswas conducted
for accurately predicting the practical output performance.).
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Composition of the AlSi alloy.
Elements Al Si Cu Mg Zn Fe Mn
Wt% N80.00 10.00 0.25 0.15 0.30 0.8 0.35Magnetostrictivematerials have beenwidely studied in recent years
as multifunctional components in sensors, actuators and energy har-
vesters. This series of materials provide a promising potential not only
in sensitive electro-mechanical conversion but also in self-powered
microsystems powering lots of micro-units in the Internet of Things
(IoT) [1–4]. In particular, these relevant applications for magnetostric-
tive materials have been attracting increasing consideration because of
the requirements of miniaturization and complication for power-
supporting components [5–8].
Severalmainmagnetostrictivematerials have been examined due to
their excellent magnetostrictive properties. Terfenol-D is thought to be
widely applied in consideration of its high magnetostriction. Some re-
searchers [9,10] employed thismaterial for fabricating a class of sensors,
actuators, etc. However, the natural brittleness of Terfenol-D constrains
its further application to a great extent [11,12]. Improving the issue has
become an imminent challenge. Although fabricating the corresponding
composites has the capability of improving its brittle property, it is al-
ways at the expense of reducing whole magnetostrictive properties of
the composites. Moreover, the final results often indicated that there
is only a limited improvement in brittleness. On the other hand,
Galfenol alloy, referred to FeGa alloy, exhibiting certainmetal properties
and greatmagnetostriction has been recognized as a possible substitute
for brittle Terfenol-D. Nevertheless, sophisticated processing for
Galfenol alloys is required in order to obtain appropriate microstruc-
tures with great magnetostrictive properties and sizes. Besides, comb-
ing with the relatively high costs of the raw materials, this material is
generally difficult to realize the widespread industrialization at present
[13,14]. Considering these aforementioned reasons, some other mate-
rials [15–18] have been also identified as potential substitutive candi-
dates, such as FeCo, amorphous materials, etc. In particular, FeCo alloy
exhibits comparable magnetostrictive properties to Galfenol alloy and
excellent processing merits. According to the recent work [19], a series
of clad FeCo plate cantilevers (FeCo/Ni and FeCo/Fe, etc.) have been fab-
ricated, which already demonstrated its promising ability for serving as
an effective magnetostrictive material. Furthermore, our other research
[20] also manifested that a reasonable shape design is capable of en-
hancing the localized stress concentration and strain transfer, further
leading to a significant increase in the output performance.
Variousmagnetostrictivematerials with different specific properties
have the benefit of satisfying different in-service requirements. How-
ever, given the feature of magnetic transformation, there is still a prob-
lem that how to maintain relatively high magnetostrictive properties
and thermal stability at an elevated temperature for a magnetostrictive
material. It is commonly believed that a high Curie temperature is cru-
cial to maintain the thermal properties for a magnetostrictive material.
However, the Curie temperatures for the magnetostrictive materials
Terfenol-D and Galfenol are only 380 and 680 °C, respectively [21]. It
is therefore necessary to identify a promising candidate that is capable
of being applied at an elevated temperature. On the other hand, a
great of works with respect to magnetostrictive composites were fo-
cused on the junction between polymers and magnetostrictive mate-
rials. It restricts the further application for magnetostrictive composite
in a way because of natural demerits of polymers, such as weak heat-
resistance and mechanical properties, etc. Althoughmetal-matrix mag-
netostrictive composites were also studied [19,21], most of work were
generally aimed to fabricate a class of multilayer magnetostrictive
composites.
In this study, we aim to propose an approach for fabricating a prom-
isingly 1-3 metal-matrix magnetostrictive composite that is of the ex-
cellent magneto-mechanical conversion and the feasibility in
industrialization. Therefore, easy-producible FeCo alloy was employed
in view of its high Curie temperature (900 °C) that possesses excellent
thermal stability as well as high magnetization at a relatively high tem-
perature. Besides, a heat-resistant lightweight AlSi matrix is utilized forproviding good stress and strain transfer stemming from the applied
loading even at a high temperature. As a consequence, a class of 1-3
metal-matrix FeCo/AlSi magnetostrictive composites that exhibits
both great magnetostrictive and mechanical properties was proposed,
which is able to be served as feasible high-temperature sensors, actua-
tors and energy harvesters.
2. Experiment
It has been well demonstrated that FeCo alloys with relatively good
magnetostrictive properties are able to be applied in sensors and energy
harvesters. To prepare the FeCo fiber, first of all, the rawmaterials were
melted in a furnace. Following, the forging process was employed to
shape the melted metals into the crude ingots. After that, the ingots
underwent hot- and cold-rolling, and then through cold drawn to ob-
tain the FeCo fibers with a diameter of 1 mm. Here, a class of FeCo/
AlSi composites was fabricated in this study to examine the variations
of energy conversion in response to the applied loadings. A kind of
AlSi alloy, referred to AC3A (Japanese industrial standards, see
Table 1), was employed to be the matrix. In more detail, the AlSi ingots
were melted at 700 °C. After that, the FeCo fibers were embedded into
the AlSi metal liquid until the composite completely solidified at an Ar
protective atmosphere. Two different groups were prepared for analyz-
ing the effects of the number of FeCo fiber and the diameter on magne-
tostrictive properties and energy harvesting performance for this class
of composites. The first group of the FeCo/AlSi composites with a diam-
eter of 12mmwas divided into three subgroupswith the different num-
bers of FeCo fibers of 5, 7 and 9, respectively. On the other hand, the
second group with the same number of FeCo fiber (i.e., 5 FeCo fibers)
was classified into two subgroups with the diameters of 10 and
12 mm for the FeCo/AlSi composites. Here, it must be emphasized that
the FeCo fibers treated by cold-rolled treatmentwere in the same diam-
eter of 1 mm. Furthermore, all of those samples had an identical length
of approximately 25mm. The schematic and photographs for this series
of FeCo/AlSi composites are shown in Fig. 1. The volume fraction vf,
cross-sectional area Af of the FeCo fibers within the whole FeCo/AlSi
composite, and fiber's diameter and number are listed in Table 2,
where the superscript f denotes the FeCo fiber.
Uniaxial cyclic compression tests were carried out for every sample
at five times as shown in Fig. 2. Each step includes a loaded and
unloaded processes with the same magnitude of the maximum stress
σmax = Pmax/A, where Pmax denotes themaximum stress and A denotes
the cross-sectional area of the composite. The compressing force was
applied at constant crosshead velocities of dδ/dt = 0.25, 0.5, 0.75, 1.0
and 2.0 mm/s, where δ denotes the crosshead displacement and t de-
notes the time. Two different bias magnetic fields B0 of 33 and 75 mT
were introduced to magnetize the FeCo/AlSi composites. A pickup coil
with 2500 turns that connected with a data logger was used tomeasure
the output voltage Vout. Besides, considering the procedure of solidifica-
tion for those FeCo/AlSi composites, the corresponding element distri-
bution and the microstructures were also determined through the
energy-dispersive detector (EDS), scanning electron microscopy
(SEM) and electron backscatter diffraction (EBSD), respectively.
3. Theoretical analysis
To analyze the magnetostrictive properties, the theoretical calcula-
tion is necessary for explaining and manifesting the energy-
conversion mechanism quantitatively. According to the feature of the
Fig. 1. (a) Schematic and (b) photograph of the FeCo/AlSi composite.
3Z. Yang et al. / Materials and Design 175 (2019) 107803magnetostrictive principle [21,22], the constitutive equations can be
given as below
ε ¼ sσ þ d0H; ð1Þ
B ¼ d0σ þ μH; ð2Þ
where σ and ε represent the stress and strain, and B and H are themag-
netic induction and magnetic field intensity, respectively. The symbols
of s, d′and μ denote the elastic compliance, magnetoelastic constant
and magnetic permeability, respectively. The magnetoelastic constant
d′ could be calculated by
d0 ¼ dþ mþ rσ0ð ÞH; ð3Þ
where d is the piezo-magnetic constant, m is the constant that physi-
cally denotes the magnetostrictive strain produced by per unit external
magnetic field and r is the constant that physically refers to the coupling
magnetostrictive strain produced by per unit external magnetic field
under per unit internal stress [23]. Here, the effect of residual stress
was taken into account. Thus, σ0 denotes the residual stress within the
FeCo fiber. The relevant residual thermal stress can be calculated
through three-dimensional finite element analysis (FEA), which was
shown in Appendix A.
Let us now consider the Rectangular Cartesian coordinates xi (O-x1,
x2, x3). It was assumed that the easy axis to be magnetized for the
FeCo fiber is along the x3-direction (i.e. the direction of length) accord-
ing to relative experimental results as shown in Appendix B. On the
other hand, when the length of a magnetostrictive fiber is far greater
than its diameter, and the bias magnetic field is also along the x3-direc-
tion, the longitudinal magnetostrictive deformation mode (33) isTable 2






D10F5a 0.0500 3.925 10 5
D12F5 0.0347 3.925 12 5
D12F7 0.0486 5.495 12 7
D12F9 0.0625 7.065 12 9
a Note: D denotes the diameter of composite and F denotes the number of FeCo fiber.dominant. Hence, during compression along the x3-direction, the x3-
component of the magnetic field intensity vector is almost responsible
for the whole variation of the magnetoelastic constant. As a result, the
three-dimensional model was simplified as a one-dimensional model,
namely, only along the x3-direction. Therefore, the constitutive
Eqs. (1) and (2) could be substituted by the following equations
ε f33 ¼ s f33σ f33 þ df33 þ mþ rσ0ÞHf3
 o
Hf3; ð4Þ
Bf3 ¼ df33 þ mþ rσ0ð ÞHf3
n o
σ f33 þ μ f33Hf3; ð5Þ
where ε33f , σ33f are the components of strain and stress tensor, B3f , H3f are
the components of magnetic induction and magnetic field intensityFig. 2. Physical assembly for the energy-harvesting setup under compression and the
upper-right inset showing the five-time cycles.
Table 3














13 5.5 0.125 0.0123 37.7
4 Z. Yang et al. / Materials and Design 175 (2019) 107803vectors, and s33,f d33,f μ33f are the elastic compliance, piezo-magnetic con-
stant and magnetic permeability, respectively. The calculating parame-
ters for the FeCo fiber [24] and AlSi matrix are listed in Table 3. In
general, it is reasonably believed that the induced magnetic field inten-
sity resulting from the inverse magnetostrictive effect is far smaller as
compared to the bias magnetic field H0 = B0/μ0 (where μ0= 1.26
× 10−6H/m is the magnetic permeability of free space). In this case,
the Eqs. (4) and (5) could be further simplified as below












σ f33 þ B0; ð7Þ
The strain tensor component
ε33m and magnetic induction vector component B3m for the AlSi matrix
are given by
εm33 ¼ sm33σm33;Bm3 ¼ μ0Hm3 ; ð8Þ
where s33m are the elastic compliance for the AlSi matrix and the super-
script m denotes the AlSi matrix. Here, it was assumed that the perfect
bonding between the FeCo fiber and AlSi matrix impose, that is, ε33f =
ε33m .
The representative volume element was modeled as a single cylin-
drical FeCo fiber bonded within a cylinder of the AlSi matrix. The rele-
vant volume fractions for every sample are also listed in Table 2.
Because of the transverse isotropy of the representative volume ele-
ment, the components of the stress tensors for the FeCo and AlSi matrix
are uniform. The average stress σ330 is therefore can be expressed by
σ033 ¼ σ f33ν f þ σm33 1−ν f
 
; ð9ÞFig. 3. (a) Microstructure and (b) element distributionThis σ330 is equivalent to the stress imposed by the loading on the
composite cylinder. The final output voltage of each composite is there-
fore calculated which can be shown as the following equation:







sm33ν f þ s f33 1−ν f





where N is the number of the pickup coil.
4. Results and discussion
Because the FeCo/AlSi composites were fabricated at a high temper-
ature, analyzing the microstructure of these composites, especially
around the interface between the FeCo fiber and AlSi matrix, is neces-
sary. Fig. 3(a) shows the specific details upon the interfacial circum-
stance. The presence of element diffusion is obvious around the
interface (shown by the white dashed line) depending upon the color
contrast. It suggests that the chemical bonding is existed around the in-
terface. Furthermore, the EDS analysis also indicates that the element
diffusion certainly exists around the interface, especially for the Al ele-
ment, as shown in Fig. 3(b). Besides, a zigzag boundary along the inter-
face also reveals the presence of good physical bonding. As described
above, the interface between the FeCo fiber and AlSi matrix exhibits rel-
atively excellent bonding strength. As a result, it has the benefit of the
stress or strain transformation through the interface, which plays an im-
portant role inmagneto-mechanical energy conversion. Fig. 4 shows the
EBSD diagrams of the FeCo fiber. The microstructure of the FeCo fiber
after the thermal treatment (i.e., the solidification of the AlSi metal liq-
uid) shows the different microstructural features in comparison to that
of the FeCo fiber before the thermal treatment. In addition, the micro-
structure of the cold-rolled FeCo fiber is of the preferred orientation
along the cold-rolling direction (see Fig. 4(a)). The EBSD diagram re-
veals that the red ribbon-like microstructure along the 〈001〉 direction
is dominant for the cold-rolled FeCo fiber. However, after the thermal
treatment, the FeCo fiber consists of the considerable equiaxed grains,
namely, the aforementioned preferred orientation disappears in Fig. 4
(b). There is no existence of the rolled features in the microstructure
even along the rolling directing. On the other hand, the domain rotation
and wall movement are directly attributed to the microstructure in a
way. Hence, the equiaxed grain for the FeCo fiber during compression
is obviously susceptible to excite the variation of themagnetic induction
as compared to the cold-rolled microstructure when the bias magneticaround the interface of the FeCo/AlSi composite.
Fig. 4. EBSD diagrams showing the differences of the microstructure for the FeCo fibers before (a) and after (b) thermal treatment; RD denotes the cold-rolling direction.
5Z. Yang et al. / Materials and Design 175 (2019) 107803field is completely accordance with the length direction for the FeCo
fiber.
To evaluate the harvesting performance for the FeCo/AlSi compos-
ites, the output voltage Vout versus crosshead displacement velocity
dδ/dt of the FeCo/AlSi composites with different diameters under a con-
stant bias magnetic field of B0 = 75 mT are shown in Fig. 5. Observing
every single sample indicates that the output voltage is clearly propor-
tional to the crosshead displacement velocity, that is, the stress rate.
Namely, a higher velocity leads to a relatively higher stress rate, giving
rise to the larger localized strain rate around the FeCo fibers. Therefore,
there is an upward tendency for the output voltages resulting from the
variations of magnetic induction with the increasing crosshead dis-
placement velocity, while the relevant variation is sensitive to the ap-
plied loading. Besides, this comparison in Fig. 5 (D denotes the
diameter of the FeCo/AlSi composite and F denotes the number of the
FeCo fibers) also indicates that the output voltage of D10F5 is greaterFig. 5. Comparison of the output voltages for various FeCo/AlSi composites with different
diameters under a bias magnetic field of 75 mT.than that of D12F5, whichmanifests that the output voltage is certainly
related to the stress rate on the cross-section in response to the applied
loading. On the other hand, Fig. 5 also illustrates that the output voltage
is proportional to the number of the FeCo fiber, referred to the volume
fraction. Here, there is an interesting phenomenon that the increments
of voltage for different fiber volumes are not completely consistentwith
the increase of volume fraction. Obviously, D12F9 exhibits a far greater
increment in the output voltage. The reason is related to the stress dis-
tribution or strain transfer. Inmore detail, a larger FeCo fiber volumehas
the benefit of providing more magnetic induction variation and then
being conversed to more output voltage. Moreover, a more dispersed
distribution for the FeCo fiber with a larger volume fraction is inevitable
to generate larger-scale stress concentration around the interface be-
tween the FeCo fiber and AlSi matrix owing to the different elastic mod-
ulus for each other. It is concluded that the superpositionwith respect toFig. 6. Comparison of the output voltage for the FeCo/AlSi composite (D12F9) under
different bias magnetic fields.
Fig. 7.Output power for the FeCo/AlSi composite (D12F9)with differing resistive loads at a
constant crosshead displacement velocity of 1 mm/s.
Fig. 8. Comparison of the output voltages between the calculation and measurement.
6 Z. Yang et al. / Materials and Design 175 (2019) 107803the aforementioned effects is responsible for the uneven increase in the
output voltage with the increasing volume fraction for the FeCo fiber.
Another experimental group reveals the effects of the bias magnetic
field on the output voltage. Fig. 6 shows the output voltage Vout versus
crosshead displacement velocity dδ/dt of the FeCo/AlSi composite
D12F9 under a constant bias magnetic field of B0 = 33 and 75 mT. It is
clear that the output voltage for the FeCo/AlSi composite shows a slight
decrease under a relatively lower bias magnetic field of B0 = 33 mT in
comparison to that under B0 = 75 mT. In particular, the variation of
the output voltage is more significant at a relatively high crosshead dis-
placement velocity. This phenomenon is generally attributed to the high
saturatedmagnetization for the FeCo fiber. A larger applied loading, in a
way, is able to be recognized as a larger bias magnetic field to drive the
domain rotation or the movement of domain wall. Overall, it is clearly
clarified that this material exhibits a promising ability in energy har-
vesting even at a relatively low bias magnetic field.
The measured output power for the FeCo/AlSi composite D12F9 at
differing resistive loads and a constant crosshead displacement velocity
of dδ/dt=1mm/s wasmeasured, and shown in Fig. 7. The results indi-
cate that the harvesting setup has an optimal resistive load of approxi-
mately 500 Ω. Indeed, the optimal resistive load is directly associated
with the pickup coil. Except for that, it cannot be ignored that this
class of FeCo/AlSi composite has a relatively broad range in energy-
harvesting applications.
The measured and calculated output voltages of the FeCo/AlSi com-
positeD12F9were compared. Fig. 8 illustrates that the calculated results
almost completely coincide with experimental measurement. Here, ac-
cording to Eq. (10), a residual stress of approximately 0.02 MPa within
the FeCo fibers have been considered and the corresponding constant
r is about 3 × 10−17 m2 A−2 Pa−1. In the case of the comparison,
stress-rate dσ330 /dt is employed to evaluate the output performance. In
particular, the calculated results are proportional to the stress-rate in
terms of the aforementioned theoretical analysis. The dashed line in
Fig. 8 therefore shows a linear correlation with respect to the stress-
rate. On the other hand, although there is a slight fluctuation in the out-
put voltage of measurement as compared to the calculation curve, thisphenomenon is able to be omitted in consideration of the error of phys-
ical assembly. As a consequence, this comparison is also well demon-
strated that the theoretical calculation is capable of predicting the
accurate output performance of FeCo/AlSi composite in this work.
5. Conclusions
A class of 1-3 lightweight metal-matrix FeCo/AlSi composites with
promising capacity in high-temperature application was fabricated in
this study. The corresponding microstructure and harvesting perfor-
mance were systematically examined. The final results indicate that
theprocess of solidification leads to the element diffusion and the disap-
pearance of the cold-rolled feature. These changes have the benefit of
improving output performance of the FeCo/AlSi composites. Besides,
the output voltage is proportional to the crosshead displacement veloc-
ity that is related to the stress rate. Moreover, this series of FeCo/AlSi
composites exhibit the excellent energy-harvesting performance even
at a relatively low stress-rate and bias magnetic field. Besides, this har-
vesting setup shows an optimal resistive load of 500 Ω and a relatively
broad applying range. Eventually, the comparison between the practical
measurement and calculation manifests that the theoretical calculation
is able to predict the output performance of the FeCo/AlSi composite. In
a conclusion, given the relatively great high-temperature properties of
these two materials (FeCo and AlSi), this work proposes a feasible ex-
ploration on fabricating a lightweight magnetostrictive composite that
are potentially applied in sensors or energy harvesters especially at a
relatively high temperature.
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Here, the details of how to predict the residual stress σ0 of the sample are presented. A three-dimensional FEA is carried out for calculating the re-
sidual thermal stresswithin the FeCo fiberwithoutmagnetostrictive effect due to the change of temperature T, in viewof that the presence of residual
stress generally has an effect on domain rotation and/orwall movement. In order to coincidewith the practical experiment, the simulation procedure
is classified into three processes: (1) the FeCo/AlSi composite is heated from room temperature (20 °C) to 700 °C; (2) the sample is then cooled to 700
°C; and (3) unload the pressure of protective atmosphere (0.4 MPa). Here, a simplified model with an identical volume fraction of the specimens is
considered as shown in Fig. A1, which exhibits a single FeCo fiber embedded in the AlSi matrix.
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j are the elastic compliance. The detailed parameters for these two materials (i.e., FeCo and AlSi) are shown in Table A1.Table A1
Relevant calculation parameters of the FeCo fiber and AlSi matrix.MaterialsFeElastic compliance
(×10−12 m2/N)Fig. A1. Three-dimensional FEA model for the FeCo/AlSi composite.Coefficient of thermal expansion
α (10−6/K)s11 s33 s44 s66 s12 s13Co 5.5 5.5 14.3 14.3 −1.65 −1.65 11.9
lSi 13 13 33.8 33.8 −3.9 −3.9 23.9AAppendix B
To evaluate the easy axis to bemagnetized for the FeCo fiber with polycrystallinity, the demagnetization is necessary to be considered because of the
effect of geometric anisotropy. In general, the vital affecting factor, referred to demagnetization factor ND, is a geometry-sensitive parameter. When
the dimension of the FeCo fiber parallel to the magnetization is far greater than the vertical dimension, the effect of demagnetization is able to be
omitted. In contrast, if the effect of demagnetization is present, the efficiency for magneto-mechanical energy conversion will reduce significantly
stemming from the reduction of magnitude on the magnetic induction for the FeCo fiber, which is attributed to the cancellation between the mag-
netization and demagnetization. The aforementioned results have been well demonstrated in Fig. B1. Here, all data of themagnetostriction are mea-
sured along the direction of the bias magnetic field. It reveals that the magnetostriction of the FeCo fiber along the longitudinal direction (i.e. the
fiber's long axis) is far greater than that along the direction vertical to the fiber's long axis. Moreover, according to the slopes of these curves, it
also indicates that the piezomagnetic constant along the direction of the fiber's long axis is analogously greater than that along the direction vertical
to the fiber's long axis. Namely, based on the constitute equations, the energy harvesting performance of the FeCo/AlSi composite will undergo a fur-
ther decline when the magnetization direction is not parallel to the fiber's long axis.


















Fig. B1.Magnetostriction of the FeCo fiber with a diameter of 1 mm along the directions parallel and vertical to the fiber's long axis.
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